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INTRODUCTION
Thermoplastic elastomers (TPEs) are a relatively new class of materials which combine the excellent processing characteristics of t h e thermoplastics and the elastic characteristics of the rubbers. They can be obtained by blending the constituent materials. Various parameters like the selection of the rubber and thermoplastic, blend ratio, processing conditions, etc., affect the properties of the TPEs. Nowadays blending of different polymers whichwill combine the properties of t h e constituent materials is a commonly accepted method. Even though blending is an easy method for the preparation of TPEs, most of the TPE blends a r e immiscible. Very often t h e resulting materials exhibit poor mechanical properties due to t h e poor adhesion between t h e phases. Over the years different techniques have been developed to alleveate this problen~. These include (1) the addition of a third homopolymer or graft o r block copolymer which is miscible with the two phases, and (2) the introduction of covalent bonds between t h e homopolymer phases. The first approach can be considered as nonreactive compatibilization and the second as reactive compatibilization. This paper, in fact, deals with the nonreactive compatibilization t e c h n~q u e instituted by the addition of graft copolymer.
There a r e several studies in literature in which t h e addition of copolymer increases the technological compatibility of immiscible polymer pairs. Incorporation of a copolymer usually improves the interaction between the constituent homopolymers and thereby slows down the phase separation process.'.' It was reported by Paul6.' t h a t the copolymer addition will provide finer dispersion, improve interfacial adhesion, stability against gross segregation and will reduce the interfacial tension.
In a pioneering work. Riess and coworkers reported on the compatibilizing action of copolymers in polystyrene/poly(methylmethacrylate) and polystyrene/polyisoprene blend^.'^ They have reported that tllock copolymers are more effective than graft copolymers
In the above systems. They further concluded that the solubilization occurs only when the molecular weight of t h e homopolymers a r e less than o r con~parable to the molecular weight of the coriesponding segment in the block copolymer.
Compatibilizing action of poly(styrene-block-iwprene) in polystyrene/polyiwprene blend has been reported by Inoue and c o w~r k e r s ? . '~ Morphology of the system w a s analyzed and it was found that a fine morphology is obtained by t h e addition of a few percentage of the block copolymer. Teyssie and coworkers "-" have examined the compatibilizing action of copolymers in a large number of systems. They suggested that molecular weight and structure of the copolymer a r e t h e controlling parameters which will effect the efeciency of the compatibilizer. They have compared the efficiency of tapered and pure block copolymer in polystyrene/polyethylene system and was found t h a t tapered block copolymer is more effective than the pure block copolymer.
Patterson, Hu and Grindstaff" have studied the poly(dimethylsiloxane)/poly-(oxyethylene-block-oxypropyl ene) blends, compatibilized by the addition of poly(dimethy1 siloxane-block-oxyethylene). The lowering of t h e interfacial tension upon the addition of the copolymer was reported by several researchers. For example. Gailard and coworkers16 have reported on the reduction in interfacial tension in polystyrene/polybutadiene/styrene ternary blend by the addition of poly(styrene-block-butadiene) copolymer. Studies of Willis and Favis dealt with polystyrene-maleic anhydride/bromobutyl rubber blends which was compatibilized by the addition of dimethyiaminoethanol. More forward recoil spectroscopy, small angle x-ray scattering, neutron reflectivity methods were successfully used to analyze the interface of various polymer blends in the presence and absence of copolymers.
/
Coran and Pate120-2z reported a series of thermoplastic elastomer compositions. These include blendsof nylon and various synthetic rubbers like ethylene-vinyl acetate, ethylenepropylene-diene monomer rubber, chlorinated polyethylene, polyurethane rubber, etc.= b r a n and Patelz' further reported on thermoplastic elastomers from blendsof polystyrene and various rubbers such as IIR, ethylene-propylene-diene monomer, natural rubber, styrene-butadiene rubber, butyl rubber, acrylate rubber, chloroprene rubber, nitrile rubber, and poly(trans-pentenamer) rubber. The mechanical properties of the blends were correlated with parameters like critical surface tension f o r wetting, crystallinity, tensile strength of the hard phase and critical entanglement spacing.
Technological cornpatibilization of disimilar rubber-plastic blends were also discussed in detail by &ran and Patel.% For example, in the case of the polyolefin/nitrile rubber system, compatibilization using phenolic modified, maleic modifled, triethylenetetramine modified, and chlorine treated powdered polyolefin w a s discussed. The in-situ formed modified polyolefin-rubber copolymer acts as the compatibilizer in the above cases. Dynamic vulcanization as-a technique for compatibilization w a s adopted by Gesslerz6 and F i~c h e r .~' Finally Leibler,"" Noolandi and H o n y 2 developed thermodynamic theories concerning the effect of copolymers in heterogeneous polymer blends. According to Leibler, the reduction in interfacial tension is due to the adsorption of copolymers at the interface. An assymmetric copolymer will be less active as a compatibilizer compared to a symmetric one. The aim of Noolandi and Hong's theory was to obtain an expression for interfacial tension reduction. The reduction in interfacial tension for a range of copolymer and homopolymer molecular weights was calculated. The results were then compared with the experimental results of Riess and coworkers.
In this paper we report on thermoplastic elastomers from blends of natural rubber (NR) and polystyrene (PS) which are highly incompatible. Until now, no serious attention has been given to the compatibilizing action 01 copolymers in these blends. The effects of the graft copolymer of NR and PS (NR-gru-PS) on t h e mechanical and morphological properties of NRIPS blends have been analyzed. The influence of copolymer concentration, molecular weight of homo and copolymers, mode of addition and nature of casting solvents on the morpoholgy and properties of the blends has been quantitatively investigated. Attempts BLEND COMPATlBlLlZATION were made to deduce the graft copolymer conforn~atinn at the interface. Finally, the experimental results were compared with the current theorles of Noolandi and Hong.
EXPERIMEF'TAL
Polystyrene was supplied by Poly Chem Ltd.. Bombay, India. Natural rubber was supplied by Rubber Research Institute of India, Kottayam. The characteristics of the materials used are given in Table I .
The graft copolymer of NR and PS (NRgrqft-PS) was prepared by polymerizing styrene in rubber latex using Y radiation as the i n i t i a t~r .~S t y r e n e monomer was made into an emulsion which was then mixed with NR latex of known dry rubber content (DRC) at room temperature and exposed to Y radiation for 16 h. The dose rate was 0.1 166 Mrd/min. The free homopolymers natural rubber and polystyrene were removed from the crude sample by extraction with petroleum ether and methyl ethyl ketone, respectively.
BLEND PREPARATION AND CHARACTERIZATION
Natural rubber (NR) and polystyrene (PS) were blended together in a common solvent: chloroform (A 6% solution was made for casting). Different compositions of the blends: 40/ 60,50/50 and 60/40. were made with and without the addition of t h e graft coplolymer. To study the effect of casting solvent, blends were also made from carbon tetrachloride. Natural rubber, polystyrene and the graft copolymer were mixed in chloroform. The mixture was kept overnight and then stirred for eight hours with a magnetic stirrer. Films were cast on a Elass late and dried in a vacuum oven at 80°C for 48 h. and then a t 12O0C for a further -4 h. The morphologies of the samples were studied by optical microscopy and the mechanical properties were determined according to ASTM standard procedures using a Zwick Universal Testing Machine.
The influence of the mode of addition of the graft copolymer was studied in three ways. In the Arst case the minor phase (PS) and the graft 1.opolymer were premixed, kept overnight and stirred for 7 h; then NR was added t o t h e nuxed solution, kept overnight again and stirred for a further 7 h. In the second case, the same was repeated by premixing the major phase (NR) and graft copolymer. In the third case, the graft copolymer was added to the NR/PS blend directly. The morphologies of all the systems were examined as mentioned earlier. The erect of homopolymer and graft copolymer molecular weight on compatibilization was studied by using natural rubber, polystyrene and NRgrqft-PS of different molecular (Table I) . NRIP; blends a r e completely imnriscible. Large polystyrene domains are dispersed in the continuousNR matrix. The compatibility of the above system can be improved by the addition of a compatibilizer i.e., a graft copolymer of NR and 1 5 (NR-grqll-PS). It was seen that the size of the dispersed polystyrene domains decreases with the increasing percentage of t h e graft copolymer. Figure 1 shows the optical microphotograplis of 50/50 NR/PS blends with and without the additon of the copolymer. In this blend the NR is the continuous phase and 1 5 is the dispersed phase The number average domain size measurements were done by noting the diameter of about 100 domains a t random in each blend system. The average domain size decreases with increasing concentration of the compatibilizer and finally levels The domain size distribution for 50150 N R / I S blend with and without the addition of the compatibilizer is given is Figure 3 . Table 11 gives the standard deviation values of the blend (501 50) with and without the addition of the copolymer. These values decrease with increasing loading ofthe copolymer. The uncumpatibilized blend contains large numbers of bigger panicles. The polydispersity is higher for the blend without compatibilizer and is much reduced at higher concentration of the compatibilizer, which is evident from the width of the distribution curve. Similar studies have been reported by Willis and Favis" and by Djakovic el al." Rgure 4 shows the effect of cumpatibilizer on the interparticle distance of dispersed domains in the 50150 NR/PS blend system. The interparticle distance decreases with increasing concen-, tration of the compatibilizer and finally levels off at higher cumpatibilizer loading.
EFFFCT OF HOMOPOLYMER AND CRAFT COIWLYMER MOLECULAR WEIGHTS ON MORPHOLOGY
The compatibilizing effect of the graft copolymer in NR/PS blends depends very much on the molecular weight of the homopolymer. Generally, the amount of the graft copolymer required for compatibilization is proportional to the molecular weight of the homopolymer. Natural rubbers and polystyrenes of the following molecular weights were used to study the effect of homopolymer molecular weight on the compatibilizing action of the graft copolymer-natural ~b b e r :
NR, = 7.79 X 10'; NR, = 3.7 X 10'; NR,, = 2.49 X 10,; KR,, = 1.62 X 10'; and polystyrene: PS, = 3.51 X 10'; PS, = 2.073 X 10'.
The amount of graft copolymer required to saturate unit volume of the interface (CMC) was found to decrease with decrease in molecular weight ( Figures 5 and 6 ) of the homopolymers. The average domain size decreases with an increase in graft loading. The influence of polystyrene molecular weight on CMC values and domain size is given Table 111 .
Molecular weight of t h e copolymer (NR-grqR-PS) influences t h e interfacial saturation point. We have used graft copolymers of molecular weight G, = 3.96 X 10' and G, = 1.009 X 1@. The amount of graft copolymer needed for interface saturation decreases with increase in molecular weight of the compatibilizer. The critical micelle concentration was found to be 1.5% in the case of 60/40 NR/PS blends compatibilized with sample GI. The same blend system with sample G , gives a higher CMC value; i.e., a 3% compatibilizer loading was required to saturate unit volume of the interface. 
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The two-step mixing can be done in two ways. Blending the solution of the dispersed phase (PS) with the compatibilizer first and then blending with the matrix polymer (NR). In t h e second case the matrix polymer is blended with the compatibilizer first and then blending with the dispersed polymer. Solutions were blended and then evaporated to get thin films. Preblending the compatibilizer with the dispersed phase (PS) is found to improve the interaction between the copolymer and the dispersed phase.
The particle size and CMC of NR,/PS blends were measured in the two-step mixing and were compared the values with those of one-step mixing. In the case of 60/40 NR/PS blends (one-step) the CMC was attained a t 1.5% of the graft copolymer. When the copolymer phase was preblended with the dispersed phase, the CMC w a s attained a t 1.3% of t h e graft copolymer loading and there is much reduction in the domain size of the dispersed phase. In one-step mixing, the particle size of the domains a t 1.5% graft copolymer loading was found to be 5.08 r m whereas in two-step mixing the corresponding value is 3.70 rm; a t 2.5% graft loading. the values are 2.45 pm and 1.84 r m , respectively. When the matrix polymer was preblended with the copolymer, the CMC was t h e same a s in t h e case of one-step mixing (1.5%) (see Table IV ).
The above findings reveal that. the mode of addition of the compatibilizer has an important role in the morphology of the blends. Compared to one-step mixing, in two-step mixing i . e . , by preblending t h r compatibilizer with the dispersed phase, the amount of the compatibilizer diffused into the interface can be increased and the distance travelled by the compatibilizer to reach the blend interface can be minimized. This leads to better interfacial interaction of the compatibilizer and results in a finer morphology. A speculative model has been given to illustrate this behavior ( Figure 7 ).
EFFFLT OF CASTIKG SOLVENTS ON MORI'IIOUXY
Casting solvent plays an important role in the morphology of blends. The same blend system can give different morphologies in diffewnt casting solvents.
We have selected two solvents for comparison: chloro,form and carbon tetrachloride.
There is much difference in the resultingdomain size for the two solvent systems. Films cast from carbon tetrachloride show a finer morphology than chloroform cast films (Figure 8) .
The difference in the behavior may be due to the difference in the level of interaction between the copolymers and solvents. This has been well addressed by the pioneering studies of Robard and P a t t e r~o n .~' RliRnER CHEMISTRY AND TECHNOLOGY In both cases the addition of graft copolymer reduces the domain size." The concentration of the graft copolymer required to saturate unit volume of the interface is less for carbun tetrachloride cast film (CMC -1.1%) than for chloroform cast film (CMC -1.516). The sizes of the domains of the uncornpatibilized blends of chloroform cast and carbon tetrachloride cast films are 27.6 pm and 17.6 pm, respectively. This behavior is due to the fact that the solubility parameter of CCI, (6 = 8.6 ) is closer to those of t h e polymers (PS, 5 = 8.56; NR, 8 7.753 than 1s tt~t. s0111bility parameter of CIICI, (6 -9.3).
MECHANICAL PROPERTIL"
Blend morphology has a significant effect on the mechanical properties of the blends. Many research studies have been reported on the morphology-mechanical property relationships of polymer blends. Paul, Locke and Vinson" have studied the mechanical properties of PEIPVC blends containing chlorinated PE as compatibilizer. Mechanical properties of nyion/PP was studled by Ide and Hasegawa." Lock and Paul" studied the improvement in mechanical properties of PS/I'E blends by the addition of q r a f t copolymer. In all the above cases, the graft copolymer improved interfacial adhesion and hence the mechanical properties of tke blends.
The influenceof addition of graft copolymer on tensilestrength and modulus wasstudicd. Figure 9 shows the variation in tensile strength and modulus with percentage of the co~iw patibilizer loading. Table V shows t h a t the tensile strength and modulus increase with the addition of t h e copolymer and finally level off a t higher concentrations. The impact strength increases u p to 3% compatibilizer loading and then it decreases a t higher concentration (Table V) . These changes are in accordance with the morphology of the blends. kdditionof the copolymer results in an improvement in tensile strength, modulus and impact strength due to the enhanced interfacial bonding between 1 5 and N R through the graft copolymer. 
DISCUSSION
In the case of heterogeneous polymer blends, several research studies have concentrated on the compatibilizing action of the block and graft copolymers. The high interfacial tension existing between the phases which is responsible for macrophase separation can be reduced by t h e addition of the compatibilizer. There are different parameters which govern the interfacial saturation. These include molecular weight of t h e homopolymers, molecular weight of the copolymer, poiymer(s) structural details, mode of addition of compatibilizer, processing conditions, afflnity of t h e copolymer for the dispersed phase, orientation of the copolymer a t the interface, etc.
The experimental and theoretical studies on the com~atibilization of immiscible blends report on t h e so-called interfacial saturation by the addition of copolymers. For example in the case of polyethylene/natural rubber blends,u 6% of the compatibilizer (polyethylene- (J/mrn:; VOL. 68 block-polyisoprene) was found to be sufficient for interfacial saturation. The compatibilizing action of poly(styrene-block-1,2-butadiene) in heterogeneous polystyrene/l,2-polybutadiene blends was reported by Spiros. Gancan and Kobentein." Interfacial tension reduced parallel with copolymer addition up to the critical micelle concentration (CMC) and thereafter leveled of a t higher concentration. Beyond the CMC, further addition of the copolymer leads to micelle formation. Willis and Favis" reported that about 6% of the ionomer is sumcient for polyolefin/ poly w i d e blend system for interfacial saturation. Fayt, Jerome and Teys~ie".'~ found equilibration of domain size by the addition of 0.6%-1% by weight of the compatibilizer. The recent studies of Thomas and Prud'homme" and Oommen and Thomas4' also report on the interfacial saturation by the addition of copolymers in PS/PMMA and NR/PMMA systems, respectively. The theoretical predictions of Noolandi and Hone-32 indicated that micellar aggregation of the copolymer takes place a t the interface of the blend beyond a critical concentration of the copolymer (CMC).
Almost all the experimental and theoretical studies related to the compatibilization of heterogeneous blends, including the present work, suggest that there is a critical concentration of the compatibilizer required to saturate the'blend interface (CMC) beyond which addition of the compatibilizer leads to undesirable micelle formation which very often reduces the total performance of the blend system.
One can also explain the interfacial saturation point using Taylor's Equation."
where W, is the critical Weber number; q , is the viscosity of the matrix, ;/ is the shear rate; y r 2 is the interfacial tension, and dn is the number average diameter of the dispersed phase. On the addition of the compatibilizer, the interfacial tension decremes and there is a consequent particle break down (deformation). However, at a particular compatibilizer loading there is a balance of interfacial tension and particle deformation. Thus, there is a critical value of W, below which no particle deformation occurs and at this point, the compatibilizer occupies the maximum interfacial area. Therefore, there is a maximum quantity of the compatibilizer required to saturate the blend interface and beyond this level further addition of compatibilizer will not reduce the particle size. The studies of Favis and Willis" and White4' also report similar observations. The compatibilizer added to a heterogeneous blend locates at the interface and reduces the interfacial energy. Based on thermodynamics, Noolandi and HongJ0-32 developed an expression for interfacial tension reduction. Accordingly, the interfacial tension reduction Ay in a heterogeneous binary blend A/B -upon the addition of a copolymer, A-block-Bis given by where d is the width at half height of the copolymer profile reduced by Kuhn statistical segment length; x is the Flory Huggins interaction parameter between the A and B segment of the AB copolmer; and Zc is the degree of polymerization of the copolymer. According to this theory, the interfacial tension reduction Ay is proportional to the copolymer volume fraction & until the system reaches the CMC. However, beyond the CMC Ay levels OK with O.. Although this expression was developed for block copolymers, our recent investigations indicated that this theory can be applied to graft copolymers as well." Since interfacial tension reduction is directly proporilonal to particle size reduction M, it can be shown that where K is the proportionality constant. The plot of experimental values of Ad vs. +,is given in Figure LO Valuable information can be obtained by calculating the area, Z, occupied by the copolymer molecule a t the blend interface. Let us consider a binary blend that contains a volume fraction +. , of polymer A as spherical domains of radius T in a matrix B. The total interfacial area per unit volume of t h e original blend is equal to 3 6 J y If each copolymer molecule occupies an area. 1, a t t h e interface, the mass M of the copolymer required to saturate unit volume of t h e blend is given by t h e following equationK:
where M is the molecular weight of t h e copolymer and N is Avogadro's number. In t h e present study, since CMC is the interfacial saturation point, it would be reasonable to consider CMC to have t h e value m.
The radius r of t h e dispersed domain a t CMC, the CMC values ( m values), and Z are given in Table IV . T h e CMC values are estimated from Figure 2 by the intersection of the straight line drawn a t t h e low concentration and the leveling-off lin? a t high concentration.
It can be noticed t h a t t h e a r e a occupied by the compatibllizer molecule a t the interface ( Z ) increases as the molecular weight of the homopolymer decreases ( Figure 11 ). The '2'
values also depend on t h e mode of addition of the compatibilizer to the blend system. In the two step process where the copolymer is preblended with the dispersed phase, the Z value is 49.10 nm2. This indicates t h a t the interactionof the copolymer and homopolymer is higher in the two-step process, compared to the one-step process where Z = 30.98 nmz. Greater interaction would increase interfacial area and reduce interfacial tension.
The nature of the casting solvent can also influence the '1' values. In the case of CCI, Z is higher (82.55 nm2) compared to chloroform (30.98 nmz). In a good solvent like CCI,, interaction between the copolymer and homopolymer is greater than in chloroform and hence the interfacial area occupied by the copolymer is larger. Similarly the copolymer molecular weight is also a controlling parameter. When the copolymer molecular weight is reduced, the interaction between the copolymer and homopolymer is reduced. Hence the area occupied by the copolymer a t the interface is (1 = 15.46 nmz) lower than the area of a copolymer with a higher molecular weight (1 = 30.98 nmz).
One can also comment on the conformation of the copolymer based on the Z values. Figure 12 depicts three different physical models representing the conformation of the copr)lymer a t the blend interface. Model (a) indicates a conformation in which the graft copolymer extends into the corresponding homopolymer phases. In this case the occupied area at the interface is the cross-sectional area of the extended copolymer molecule. This is approximately equal to 0.6 nm2. In the @) model [ Figure 12 (b)], t h e copolymer lies flat a t the interface and here the occupied area is t h e lateral surface area of t h e entire copolymer no 12 -I'hyrlral models represenung the mnfornxallon of copolymer a1 the lnlcrfam molecule. By cons~dering each segment of the graft copolymer as a spherical random coil, we have calculated the lateral surface area of the copolymer by using the experimental values of the root-mean-square radius of gyration of t h e PS block reported in literature.'"
The lateral surface area was approximately equal to 106 nm2.
A comparison of the experimental and calcuated values of interfacial area will give the actual conformation of t h e copolymer a t the blend interface. The experimental values of 1 as obtained from Equation (4), lie between 15.46 and 100.9 nmz (see Table IV ). This is intermediate to those of models (a) and @) (0.6 and 106 nm2) reported in the literature. This suggests t h a t the actual conformation of the copolymer a t t h e blend interface is neither fully extended nor completely flat. The actual position can be represented by model (c) in Figure 12 , in which a portion of the copolymer remains a t the interface and the rest penetrates into t h e corresponding homopolymer phases. This model is in agreement with the model suggested by Oommen and Thomas." However, by controlling the physical parameters such as molecular weight of the homopolymer and copolymer, mode of preparation of the blends, casting solvents, etc., one can dictate the area occupied by the copolymer a t the interface. For example, as the molecular weight of the copolymer increases o r the molecular weight of the homopolymer decreases, the a r e a occupied by the copolymer a t the interface increases (see Table IV ). For example, copolymer G, occupies an area of 30.98 nm2, which is much higher than G2 which occupies an a r e a of 15.46 nmz. It is also important to consider the fact that as the molecular weight of the copolymer increases, macromolecular interactions, such as chain entanglement, hinder the complete penetration of each segment into the corresponding homopolymer phases. This suggests that the copolymer cannot penetrate completely into the homopolymer phases and therefore, it is expected t h a t part of the copolymer may stay a t the interface. This could lead to an increase in interracial thickness which would be maximum in the case of copolymers having the hiqhest molecular wcight. Accordinq t a W~,~? n t e r f a c i a l tension (y,,) and interfacial thickness ( L ) a r e related by the following equation:
This indicates t h a t the superior compatibilizing action of the high molecular weight graft copolymer is associated with the larger increase in interfacial thickness and consequent reduction in interfacial tension. Russel e l also have reported t h a t addition of copolymer increases the interfacial thickness of PSjPMMA blends. In this study the interfacial thickness was measured by neutron reflectivity. The thickness of the interface increased 50% by the addition of the copolymer. Recent experimental results of Anastesiadis, Gancarz and Kobersteinw also support the conformation represented in Figure 12 (c). They have reported on the compatibilizing action of poly(styrene4lock-l,2-butadiene) in PS/I, 2-poly(butadiene) and found t h a t about 24% of t h e contour length of the copolymer chain is located a t the blend interface and the rest penetrates into the corresponding homopolymer phases.
CONCLUSION
The compatibilizing activity of NRgrafl-PS in heterogeneous NR/PS blends has been studied in detail. Both the morphology and mechanical properties of NR/PS blends have been investigated. Concentration and molecular weight of the copolymer, cornposition of the blend, mode of addition of compatibilizer, homopolymer molecular weight, and processing condilion were the controlling p;lrameters on blend morphology. Copolymer addition reduces the domain size of the disperseL1 phase and finally levels off a t higher concentrations, an indication of interfacial saturation. The experimental results were in agreement with predictions of Nwlandi and Hong.
The area occupied by the compatibilizer molecule a t the interface (2) has been estimated.
As the rnolcrular weight of the homopolymer decreases, interfacial area occupied by tile copolynrer (1) increases, and hrnce more reduction i n t l~e dornain size occurs. The ' I ' vait~es were also infl~~enced hy the blend composition, mode of addition and the naturrof t l~e c a s t i n g BLEND COMPATlRILIZATION
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EFFECT OF CASTING SOLVENTS AND COMPATlBlLlZER LOADING ON THE MORPHOLOGY AND PROPERTIES OF NATURAL RUBBER/ POLYSTYRENE BLENDS
S.Il(I I'HOMAS'
Abstract
Thcrrnoplastic elastomers frcini blends o f n;~tur;il rubber (NR) and polystyrene (PS) have hcen prepit-cJ by the solution-casting technique. The blend of N R and I'S is an incompatible one and can be made compatible by the ;idditlon o f NU-x-PS. The compatibilizing 'lction of NR-R-PS in NRIPS hierids hiis been studied with special reference to the effect of thc nillure of the c;isting solvents and compatibilizer loading. Chloroform and carbon tetrachloride were .;elected as the casting solvent>. Thc nature of the casting solvent has a profound influence on the compatihilizinrr action of the graft To uhom all corrsspondencc \hould he ;lddrt.\\cd
633
C o y n p h l IWS h~ Marcel 1)ehhrr. I n i copolymer. This has been explained based on the preferential interaction of the solvent with one of the components in the mixture.
The domain size of the dispersed polystyrene phase was dccreaxed by the addition of a few percent of the compatibilizer. followed by a leveling off at higher concentrations. The leveling off I \ an indication of interfacial saturation. The mechanical properties o f t h e blends were improved by the addition of the compatibilirer
INTRODUCTION
The blend~ng ot'polymers has become an important industrial technique which is an economic and vcl-satile way to produce materials having a wide range of properties. 'fhcrmoplastic el;istomcrs prepared from blends of rubber and plastic have created very much interest in the industrial sector. Many of the thermoplastic elastomer blends are incompatible and hence exhibit poor mechanical properties. This problem can be alleviated by the addition o r the ill s i~t r formation of a compatibilizer [ I . 21. Suitably selected compatibilizers will locate at the interface between the blend components, reduce the interfacial energy, and result in improved interfacial adhesion. The compatibilizer can be a graft copolymer, block copolymer, or a third component which can interact with both blend phases.
Several studies have been reported on the action of compatibilizers in heterogeneous blends. reported on the ability of block copolymers to e m u l s i l~ polymer dispersions in solution and reduce phase separation. G a i l a~d and coworkers [6. 71 studied the intelfacia1 tension reduction in the polystyreneipolybutadienelstyrene ternary system by the addition of poly(styrene-h-butadiene). Patterson et al. 181 have reported on the incompatible methyl-terminated poly(dimethyl siloxane)lpoly(oxyethylene-h-oxypropylen system. which was made compatible by the addition of poly(dimethy1 siloxane-b-oxymethylene). Anastasiadis et al. 191 reported on the cornpatibilizing action of polysty- The nature o f the casting solvent has a major influence on the morphology and properties o f the dispersed phase o f heterogeneous blends.
Caravatti et al. (131 sfudied the influence o f casting solvents on the miscibility and phase separiition behavior o f polystyrene/poly(vinylmethylether) blends. They used chloroform and toluene as casting solvents. and reporfed on the chafi~cterization o f heterogeneous polystyrcneipoly(\,inylmethylerher) system by two-dimensional proton spin diffusion \pectroscopy for the study of heterogeneity in blends. I n heterogeneous systems, spin dift'usion between components i n different domains depends on domain size, which provides insight into the domain structure o f polymers. I n the case o f polystyrene/poly(vinylmefhylether), when cast from chloroform, the diffusion spectrum indicated the absence o f spin diffusion between the two polymers and there was no evidence o f mixed domain in the blend. However, when cast from toluene, the diffusion spectrum rcvealed the presence of mixed domains in which component polymers were i n close contact on a microscopic scale. Chiou et al. 1141 have reported the miscibility o f bisphenol-A-polycarbonate with poly(mcthylmcthacrylate). They have adopted various techn~qucs such as solution casting (CH.Cl2. THF as casting solvents), melt mixing, and prccipitation method\ for the blend preparation Chen and Morewerz 1 \ 5 1 reported on blends o f styrene copolymers and terpolyrners carrying hydrogen bond donors with polymethacrylates. The miscibility o f the polymers depended strongly on the casting soivenfs. Blends were cast from toluene. dioxane. and chloroform, and the intimacy o f the mixing of the components o f these blends was characterized by nonradiative energy transfer ( N E T ) from the carbazolc to the anthracene flurophore. It has been observed that the same polymer blend can give different morphologies in'different systems depending upon the solvents from which the film was cast, and this is due to thc preferential interaction o f the solvents with one o f the component5 in the mixture [16-181. Solutions o f polystyrene-poly(vinylmethylether) pairs i n benzene and tetrachloroethene [I61 are clear, and here \ A X / (the difference i n strengths of the polymer-solvent interaction) was found to be small. However, phase separation was observed for the same blend system (PSIPVME) i n chloroform, trichloroethene, and di-chloromethane, where lAXl is large. Oomrnen et al. 1191 reported on the effect of casting solvents in the preparation of a natural rubber1 polymethylmethacrylate blend which was made compatible by the addition of natural rubber-g-poly(methylmethacrylate). They selected chlorobenzene and toluene as the casting solvents. It was found that chlorobenzene cast film gives finer morphology, and that the amount of compatibilizer required for interfacial saturation is less in this case than that in toluene-cast film.
Thomas and Prud'homme [201 reported on the effect of processing conditions on the phase morphology of polystyrene/poly(methylmethacrylate)lpolystyrene-b-poly(methylmethacrylate blends. It was found that films cast from chloroform had a coarser morphology than those cast from 1.2-dichloroethane. The compatibilizing effect was more efficient in 1.2-dichloroethane. This paper deals with the effect of processing conditions and compatibilizer loading on the morphology and mechanical properties of natural rubberlpolystyrene blends. Morphology and mechanical properties of blends were analyzed in two casting solvents, chloroform and carbon tetrachloride.
EXPERIMENTAL
The raw materials required for this study include polystyrene, supplied by Poly Chem India Ltd.. Bombay; and natural rubber (ISNR-5). supplied by the Rubber Research Institute of India. Kottayam. The characterization data on the polystyrene and natural rubber are given in Table I .
Graft copolymer (NR-g-PS) was prepared by the method adopted by Cooper et al. 1211 using hOCo y-radiation a s the initiator. Styrene monomer was made into an emulsion which was then mixed with NR latex of known dry rubber content (DRC) at room temperature and exposed to "'Co y-radiation for 16 h (dose rate 0.1 166 mradlh). The free homopolymers natural rubber and polystyrene were removed from the crude sample by extraction with petroleum ether and methylethylketone, respectively. The grafting efficiency was found to be 4% and the percentage of polystyrene grafted was 20. These v;~lues were ohtained gravimetrically as reported earlier (221.
The graft copolymer obtained was characterized by Fourier-transform infrared spectroscopy (FTIR) and nuclear magnetic resonance (HI and ( C 4 ) stretching of N R , respectively. The proton NMR spectrum obtained at YO M H z shows chemical shifts at 1-2. 4.6-4.8, and 6.6 ppm, corresponding t o alkyl protons of NR, and to vinyl protons and aromatic protons of polystyrene, respectively Natural rubber and polystyrene were blended together (60140 composition) in a common solvent, c.r,loroform or carbon tetrachloride with and without the addition of the graft copolymer. The samples were made on a glass plate and dried in vacuum oven at 80°C for 48 h and then at I2O"C for afurther 4 h. The morphology of the blend was studied by optical microscopy. The tensile properties were measured in a %wick universal testing machine at a cross head speed of 50 mmimin.
RESULTS AND DISCUSSION
Morphology
Effect of graft copolymer as a cornpatibilizer depends on the molecular weight, concentration, composition. and conformation of the graft copolymer at the interface. T h e cornpatihilizing action of graft copolymer is also affected hy the processing conditions (nature of casting solvents, mode of addition, etc.). The compatibilizing activit) of the NR-g-PS in NRIPS blends was analyzed by noting the domain size of the dispersed PS phase in the continuous N R matrix. The domain size of the dispersed PS was measured from optical photograph\. In the morphology study, about 100 domains were selected at random and the diameter of each domain was measured.
Figures [(a)-l(e) show the domain morphology of carbon tetrachloride-cast 60140 NRIPS blends containing 0, 1.2. 3. 4.5. and 7.5% graft copolymer. respectively. Figures 2(a)-? (el show the corresponding sample made from chloroform. Films cast from carbon tetrachloride show finer morphology compared to those cast from chloroform. Tbe sizes of the uncompatibilized blend of chloroform-cast and carbon tetrachloride-cast films are 27.6 prn and 17.6 pm. respectively. As discussed earlier, the morphology of a binary blend strongly depends on the nature of the casting solvent, and the same blend can give different morphologies in different solvents 113, 171. The domain size of the film cast from carbon tetrachloride is smaller than that cast from chloroform. The difference in behavior is due t o the difference in solubility parameter values, which are given in Table 1 . The solubility parameter difference between polystyrene and carbon tetrachloride is 1.02 ( A A , ) and that between polystyrene and chloroform is 0.38 (AB,). The difference in solubility parameter between N R and carbon tetrachloride is 1.00 ( A A z , and that between N R and chloroform is 2.40 (ABz). The AA, -AAz value and A U , -A Bz value between the homopolymers and solvents are 0.02 and 2.02 for carbon tetrachloride and chloroform. respectivelv. This suggests that the homopolymers have no preferential interaction with carbon tetrachloride. However. in the case of chloroform, the homopolymers have different levels of interactions. Polystyrene more strongly interacts with chloroform than NR since the solubility parameter of PS is very close to that of chloroform. Therefore. carbon tetrachloride-cast films give finer morphology.
By the addition of 1.2% graft copolymer to the blend, the domain size of chloroform cast film was reduced to 7.29 domain size as a function of the graft copolymer content is given Fig.  3 . The leveling off occurs at about 4.5% graft copolymer loading for chloroform-and 3% for carbon tetrachloride-cast film. This leveling point can be taken as the critical micelle concentration (CMC), i.e., the concentration at which micelles are formed. Further addition of the compatibilizer beyond CMC may not modify the interface much but may create micelle formation which is highly undesirable. The leveling off is also an indication of interfacial saturation. It is also important to note that over the entire range of compatibilizer loading up to CMC, CCI. cast film shows finer morphology than CHCl,cast film.
The domain size distribution is given in Fig. 4 . The polydispersity is higher for blends without graft copolymer as evidenced by the large width of the distribution curve. The domain size distribution curve of chloroform-cast film is broader than that of carbon tetrachloride-cast film. Polydispersity is much reduced at 4.5% graft copolymer concentration for chloroform-cast film and at 3% graft copolymer concentmtion for carbon tetrachloride-cast film. The standard deviation values given in Table 2 also support the above findings. tetrachloride-cast film than chloroform-cast film. In both cases the values increase with increasing concentration of the graft copolymer, followed by a leveling off. Figures 6 and 7 show the stress-strain curves of the samples cast from carbon tetrachloride and chloroform, respectively. In both cases the stress-strain curves show a similar behavior. The stress-strain curves have in general elastic and inelastic regions. All the samples exhibit high initial modulus followed by a gradual increase in stress STRAIN. %
FIG. 7.
Stress-strain behavior of CHCI1-cast NRIPS blends. with strain. In the case of carbon tetrachloride-cast film (Fig. 6 ) , tensile strength increases up to 3% compatibilizer loading and then levels off due to micelle formation, which is highly undesirable. In the case of chloroform-cast film (Fig. 7) the trend is the same, and in this case tensile strength increases up to 4.5% compatibilizer loading and then levels off. Table 3 shows the mechanical properties of the two systems. Tensile strength increases with increasing concentration of the compatibilizer in both cases. In the case of chloroform-cast film, tensile strength levels off at about 4.5% graft loading whereas in the case of carbon tetrachloride, leveling off occurs at about 3% graft loading. Though a finer particle size is obtained in the case of carbon tetrachloride compared to chloroform, the tensile properties are better in chloroform-cast film. This may be due to the occlusion of carbon tetrachloride in the cast film due to its high boiling point. This will act as a plasticizer and result in lower tensile properties. The elongation at break increases upon addition of the compatibilizer in both cases. This is associated with the microbridge formation between the PS domains and the NR matrix through the compatibilizer. CASTING SOLVENT AND COMPATlBlLlZER EFFECTS CONCLUSION I h e effect of casting solvents on the compatibilizing action of NR-g-PS in heterogeneous NRIPS blend has been analyzed. It was found that the addition of the graft copolymer has strong influence on the morphology and mechanical properties of the blends. Carbon tetrachloridecast film has a fine domain distribution compared to chloroformcast film, and the domain size is much less in the former case. In both cases the domain size is decreased by the addition of a few percent of the copolymer, followed by a leveling off at higher concentration. The critical micelle concentration was found to be 4.5% in the case of chloroform-and 3% in the case of carbon tetrachloride-cast film. The differences are associated with the preferential interaction of the solvent with the component polymers. The mechanical properties of the blends are improved by the addition of compatibilizer.
